INTRODUCTION
Superalloys are widely used for many advanced applications. The alloys with optimum properties are obtained by introducing suitable microstructure through thermomechanical treatments. Characterization of microstructure and determination of mechanical properties of these alloys using ultrasonic parameters should help in quality control during heat treatment and identifying changes in microstructure during service. This study is aimed at demonstrating such a possibility in a selected precipitation hardenable nickel base superalloy, Nimonic alloy PE16. As part of this study, the influence of various secondary phases, y', MC and M 23 C 6 on ultrasonic velocity is reported. Ultrasonic velocity has been selected as this parameter had been widely used for microstructural characterization and mechanical property determination in various materials [1] [2] [3] [4] [5] [6] . y' is a coherent and ordered FCC phase having composition Ni3 (Al,Ti). The strengthening is achieved by the presence of y' in the microstructure. MC and M 23 C 6 are respectively the Ti rich (Ti,MO)C and Cr rich (Cr,Fe)23C6 carbides. The carbide phases are introduced to obtain better high temperature creep properties. EXPERIMENTAL 8 mm long specimens were cut from 20 mm diameter Nimonic alloy PE16 round. The specimens were annealed at 1313K for 4h to obtain single phase austenite. Thermal aging was carried out at 1173K to obtain M(Ti,Mo)C. Thermal aging was also carried out in the temperature range 973-1073K to obtain y'. Double aging treatment at 1173 and 973K was carried out to obtain MC and y' phases together. Aging at 1073K results in precipitation of both y' and M 23 C 6 • The heat treated specimens were made plane parallel to within ± 3 pm after removing the oxide layer. Ultrasonic velocity measurements by cross correlation technique [7, 8) were carried out using 5, 8.8 and 13 MHz longitudinal and 5 MHz shear waves. The measurement procedure is the same as that reported by Panakkal et al. [8] . Density measurements by Archimedes principle were made using Diethylphtalet having density 1.118 gcm-3 at 298K. Hardness measurements were made using Vicker's hardness tester. The accuracy in density and velocity measurements were ± 0.00019 cm-3 and ± 5 VHN respectively. Young's and shear moduli were computed from the measured density and velocity data using the standard formulae, given below:
where E is the Young's modulus, G is the shear modulus, p is the density, C L is the longitudinal velocity and C T is the shear velocity.
RESULTS
The microstructural changes that take place with the different treatments are discussed as follows. The discussion is based on the reported microstructural changes that take place in this alloy due to various heat treatments [9, 10] . Thermal aging at 1173K results in MC. Thermal aging in the temperature range 973-1073K results in precipitation of y' along with M 23 C 6 • However, the amount of M 23 C 6 precipitated at 973K is much smaller compared to that at 1073K. The size of y' increases with increase in duration of aging and reaches optimum size (10-20pm) at which point the strength of the alloy is maximum. The time taken for y' to reach the optimum size at 973, 1023 and 1073K is 16-24, 8-16 and 1-2h respectively. Further aging results in coarsening of y' and consequently results in decrease in strength. The volume fraction of y' is lower at higher aging temperatures because of the higher solubility for y' forming elements in the austenite phase. Double aging heat treatment at 1173 and 973K results in precipitation of Me and y'. In the case of double aged specimens, the longer the duration of aging at 1173K, the lower the volume fraction of y' formed at 973K as more Ti would have been removed from the matrix to precipitate MC at l173K. The size and volume fraction of y' reported in this paper are taken from the earlier studies [9, 10] . Table I gives the details of the heat treatment, microstructure, density, hardness and longitudinal velocity at 5 and 13 MHz. Figures 1 to 3 show the variation in hardness, density, % increase in longitudinal and shear velocities at 5 MHz and the computed Young's and shear moduli with the size of y' for the specimens aged at 973 and 1073K. The variation in longitudinal velocity at the other two frequencies (8.8 and 13 MHz) is similar.
Presence of secondary phases in the microstructure resulted in increase in density of the alloy. Precipitation of y' resulted in higher increase in density compared to MC. Precipitation of y' and M 23 C 6 at 1073K resulted in lowest increase in density. The density had increased mainly during the early period of aging ( Fig. 1 ) and remains constant up to 500h at 973K and then shows a small decrease. However, at 1073K, density had decreased for aging periods beyond Ih [size of y' is 12 nmJ.
There is no change in hardness due to precipitation of MC. There is increase in hardness due to precipitation of y'. The increase in hardness is more when the aging temperature is lower. The increase in hardness is smaller during the early stage of aging (contrary to density) and increases fast when the l' reaches near optimum size. On further aging, the hardness remains almost constant up to 500h at 973K and shows a small decrease at 1073K. The specimen aged for 1000h at 973K (size of y' is 21 nm) which showed reduction in density also showed reduction in hardness.
Precipitation of secondary phases resulted in increase in both longitudinal and shear velocities as compared to single phase austenite. The increase in velocity is smaller for specimens with MC as compared to the specimens with 1'. The velocity of the specimens having both y' and Me conjointly is different as compared to the specimens containing y' or MC alone. Aging at higher temperature, which gives lower volume fraction of y' resulted in lower increase in velocity. It can be seen from Fig. 2 that both longitudinal and shear velocities, like the density, increase very fast during the early stage of aging and then remain almost constant after reaching a maximum value. The variation in the computed moduli is very similar to that of velocity (Fig. 3) . The shear velocity and both the moduli are found to increase in the specimens aged for longest duration at 973 and 1073K. Figure 4(a) shows the change in velocity at 8.8 MHz and the volume fraction of l' with the aging temperature. The velocity data for the specimens aged for and beyond the optimum duration has been taken. The variation in velocity with volume fraction of l' (which depends on aging temperature) is shown in Fig. 4(b) . The data for volume fraction of l' was taken from the literature [9, 10] . There is a linear relationship between the velocity and the volume fraction of 1'. The velocity data for the other two frequencies (5 and 13 MHz) also showed similar behavior.
DISCUSSION
The change in hardness for different specimens is in accordance with the expected microstructural changes with the heat treatment given [9, 10] . Solution annealed specimen with single phase austenite has the lowest hardness. There is no change in the hardness with precipitation of MC. As it is known that y' is a precipitation hardenable phase, specimens with l' showed higher hardness. In order to compare the influence of volume fraction of 1', data for the specimens aged for optimum duration at 973, 1023 and 1073K are given in Table I . As the volume fraction of y' formed decreases with increase in aging temperature, there is corresponding decrease in hardness. Double aging treatment gives lower volume fraction y' due to removal of y' forming Ti from the matrix at 1173K to precipitate (Ti,Mo)C. This resulted in lower hardness. The slow increase in hardness as compared to density at the beginning of aging is due to the fact that l' is too fine to offer any resistance to deformation, a measure of hardness. However, when the l' reached near optimum size and offered more resistance to deformation, there is fast increase in hardness.
There is always increase in density with precipitation of secondary phases. The density data has been used to compute moduli and to see its contribution for the observed changes in the velocity. However, there is increase in velocity suggesting that the moduli of the alloy increase in presence of secondary phases.
All types of secondary phases in the microstructure resulted in increase in velocity. The increase in velocity is attributed to increase in moduli of the alloy. The higher increase in the velocity in presence of l' as compared to MC is attributed to the expected higher increase in moduli of the alloy with the precipitation of 1'. In the temperature range 973-l073K, the lower the aging temperature the higher the volume fraction of l' and hence a higher increase in the velocity was observed. There is a very fast increase in density, velocity and moduli in comparison to hardness (Figs. 1 to 3 ) at the beginning of the aging period, before y' reached optimum size. For example, in the case of specimens aged at 973K, the longitudinal velocity increased from 5736 to 5776 ms-1 when the hardness increased only from 179 to 230 VHN. However, further aging resulted in increase in velocity only from 5776 to 5781 ms-1 in spite of substantial increase in hardness from 230 to 288 VHN. This difference is attributed to the fact that the velocity is related to the elastic properties i.e. moduli of the material, whereas hardness is a plastic property. As it is expected once y' starts precipitating out, the modulus changes which is reflected in the velocity while the size of the l' should reach a minimum size before it offers substantial resistance to deformation which is reflected in the hardness. Similar behavior has been observed by Rosen et al. [II] in the case of 2219 aluminium alloy. Rosen et al. have attributed the observed noncorrelation of hardness to velocity in 2219 aluminium alloy to the fact that the changes in velocity are more related to the change in elastic modulus with precipitation of a and a' particles rather than the peak hardness attainable which depends on coherency of the precipitate with the matrix, size and distribution of the precipitates and the proximity of, or mean freepath between the particles.
The results and discussion presented in this paper indicate that progress of precipitation, particulary during the early stage could be followed by ultrasonic velocity measurements. Secondary phases in this alloy can be characterized using ultrasonic velocity measurements. Since the increase in velocity in the presence of y' and MC is different, it is possible to identify presence of these phases. However, when the phases are present together, it is difficult to identify these phases using the ultrasonic velocity measurements. Under certain conditions, it is also possible to know the heat treatment given. This is because of the fact that the velocity is linearly proportional to volume fraction of the y' which in turn is a function of heat treatment temperature.
CONCLUSIONS
Ultrasonic velocity measurements can be used to characterize the secondary phases and to identify, under certain conditions, the given heat treatment to the Nimonic alloy PE16. It may be possible to relate the ultrasonic velocity with the volume fraction of y'. Ultrasonic velocity measurements may be used to follow the progress of precipitation, particulary during the early stage.
